An intrathymic (i.t.) injection assay on B10.Thy-1 congenic mice was used to demonstrate that thymic
prelymphoma cells developed first within mouse thymus 4 to 8 days after split-dose irradiation and were present in more than 63% of the test donor mice thymuses examined 21 and 31 days after irradiation. For the characterization of these thymic prelymphoma cells, thymocytes from B10.Thy-1.1 mice sampled 1 mo after irradiation were stained with J11d mAb and mAb against TL-2 (thymus-leukemia) antigen which is not expressed on normal thymocytes of the B10.Thy 1.2 and B10.Thy 1.1 strains but does appear on thymocytes of split-dose irradiated mice. These cells were sorted into subpopulations, samples of which were injected into recipient thymuses to determine which subpopulations contained thymic prelymphoma cells. Results showed that the prelymphoma cells were located in the J11d+TL-2+ cells. These prelymphoma cells were further characterized phenotypically as to their expression of the CD4 and CD8 antigens, which demonstrated that the thymic prelymphoma cells were present in the CD4-CD8-and CD4-CD8+ thymocyte subpopulations mainly and in the CD4+CD8+ subpopulation.
The experiments on i.t. injection of a graded quantity of TL-2+ thymocytes from individual mice suggest that not all TL-2+ cells undergo neoplastic initiation and that prelymphoma cells may develop infrequently from one or more TL-2+ cells by genetic or epigenetic changes. 3 
INTRODUCTION
Exposure of 1310 or C57BL/Ka mice to fractionated irradiation (four exposures of 1.61 Gy at 8-day intervals) induces a high incidence (>95%) of thymic lymphomas after an average latency of about 200 days1-3). It is important to examine the characteristics and distribution of target cells for these neoplasms in order to evaluate the nature of the events that produce radiation-induced thymic lymphomas.
We previously used the term "thymic prelymphoma cells" to describe preneoplastic cells that require a period of residence in the thymic microenvironment in order to become thymic lymphomas4) . Using the i.t. injection assay with a B10.Thyl congenic donor-host combination, we showed that these thymic prelymphoma cells were present in 26.1% of the test donor thy muses at 14 days and in more than 63% at 21 and 31 days after irradiation 4). The cellular processes leading to the development of thymic prelymphoma cells seem to involve a complex process in which the interactions between the target cells for neoplastic transformation and the thymic microenvironment, and the bone marrow are critical2,3'5'6>
We here discuss the phenotypic characterization of the prelymphoma cells developed during thymic lymphomagenesis and the kinetics both of the initial development and the clonality of the prelymphoma cells.
MATERIALS AND METHODS
Mice: Female B10f/Sn (Thy-1.2, H-2 b) (hereafter called B10.Thy-1.2) and B10.NRH Thy-1a (Thy-1.1, H-2 b) (hereafter called B10.Thy-1.1) mice were used. They had been bred from the colonies at the Animal Production Facility of this institute and were maintained within a microbiologically "clean" conventional animal facility7) . Irradiation: Whole body X-irradiation was administered with a Shinai-III X-ray generator (Shimadzu Seisakusho Ltd., Kyoto, Japan) at 0.57 Gy/min (irradiation parameters, 200 KVp, 20 mA, with filters of 0.5 mm Cu and 0.5 mm Al: half-value layer, 1.24 mm Cu; target-skin distance 52 cm). Mice were irradiated at 8-day intervals with four doses of 1.61 Gy beginning at the age of 33±3 days (split-dose irradiation).
Antibodies: Biotinylated anti-CD8 antibody, anti-Thy-1.2 antibody and phycoerythrin conjugated streptavidin were purchased from Becton Dickinson (Mountain View, CA). FITC-labeled anti-Thy-1.1 antibody, anti-CD8 mAb and anti-TL-2 mAb were purchased from Meiji Nyugyo Ltd. (Tokyo, Japan). The other mAb, anti-CD4 (GK1.5)s), J110, were purified from the ascites species by ammonium sulfate precipitation to) and CM Affi Gel Blue (Bio-Rad, Richmond, CA) chromatography. The FITC conjugates and biotinylated conjugates were prepared from IgG mAb as respectively described by Good Southern Blot Analysis: High molecular weight DNA was extracted from lymphoma cells or normal kidney. Five micrograms of digested DNA was electrophoresed into a 1% agarose gel, then blotted on a nitrocellulose filter and hybridized with random-primed probes in hybridization buffer [1 mM EDTA, 0.5% SDS, 50 mM Tris . HCL (PH 7.5), 100 µg/ml salmon DNA, 1 x denhardt, 3 x SSC, 50% deionized Formamide] at 37°C. The filters were washed for 60 min at room temperature with 2x SSC/0.1% SDS and for 30-60 min at 65°C with 1 x SSC/0.1% SDS.
RESULTS

Phenotypic Characterization of Thymic Prelymphoma Cells
JIM and TL-2: At various times after the split-dose irradiation the thymocytes were stained with anti TL-2 mAb and JIM mAb. This staining showed that the normal thymocytes of B10.Thy-1.1 mice were made up of J11d+TL-2 and J11d-TL-2 cells, whereas J11d+ TL-2+ cells were present in addition to the J11d+TL-2 and J11d-TL-2 subpopulations in the thymuses of the split-dose irradiated mice ( Fig. 1 ). Fresh thymocytes taken from B10. Thy-1.1 mice 1 mo after the split-dose irradiation were stained with TL-2 mAb and J11d mAb then sorted aseptically into three thymocyte subpopulations. The sorted cells (104 or 103 cells/mouse) were injected i.t. into 3.78-Gy-irradiated B10.Thy-1.2 mice. Then 4 to 5 mo after transplantation, the recipient mice were killed when moribund or there was clinical evidence of disseminated lymphomas. The lymphoma cells were stained with anti-Thy-1.1 or anti-Thy-1.2 mAb to determine the proportion of donor type T cells. This indicated that thymic prelymphoma cells were present in the J11d+TL-2+ thymocyte subpopulation (Table 1) .
CD4 and CD8: We elsewhere reported that the proportion of CD4+CD8 or CD4 CD8+ SP (single positive) subpopulations of thymocytes increased, whereas that of the CD4-CD8 DN (double negative) subpopulation was reduced for several weeks after split dose irradiation4) . The phenotypic characteristics of thymic prelymphoma cells with regard to CD4 and CD8 antigens were evaluated in thymocytes taken from mice 1 mo after irradiation that had been stained with anti-CD4 and and anti-CD8 mAb, after which the stained cells were sorted into four thymocyte subpopulations. Samples of the sorted cells (104 or 103 cells/ mouse) were injected i.t. into 3.78-Gy-irradiated B10.Thy-1.2 mice , and 4 to 5 mo after transplantation, the recipient mice were killed when they appeared moribund or when there was clinical evidence of disseminated lymphomas. Lymphoma cells stained with antibodies against CD4, CD8 and IL-2R, and as well as also with anti-Thy-1.1 mAb were used to determine the proportion of donor type T cells (Fig. 2) . The thymic prelymphoma cells mainly existed in the CD4-CD8 and CD4-CD8+ thymocyte subpopulations as well as in the CD4+CD8+ subpopulation ( Table 2 ). The T cell lymphomas derived from the CD4 CD8 prelymphoma cells were mainly CD4-CD8 and CD4-CD8+. The T cell lymphoma cells that originated from the CD4-CD8+ prelymphoma cells were mainly CD4-CD8+ and CD4+CD8+. The T cell lymphomas developed from the CD4+CD8+ prelymphoma cells were mainly CD4+CD8+, but some were *CD4-CD8+ or CD4+CD8 (Fig. 2 ). Kinetics of the initial development and the clonality of the prelymphoma cells developed during lymphomagenesis: We showed that thymic prelymphoma cells existed in TL-2+ cells, but the question is whether all TL-2+ cells undergo neoplastic initiation and enter a phase of neoplastic evolution or whether preneoplastic cells develop infrequently from TL-2+ cells owing to genetic or epigenetic changes after lymphomagenic irradiation. Table 1 . Incidence of donor type T cell lymphomas after intrathymic in jection of thymocyte fractions with regard to the Jlld marker and TL-2 antigen. a) Thymocytes were taken from 12 B10 .Thy 1.1 mice 1 mo after split-dose irradiation and stained with mAb against J11d marker and TL-2 antigen. These stained cells were sorted into three fractions (J11d+TL-2+, J11d+TL-2-, Jl ld-TL-2-). b) These sorted cells (104 or 103 cells) were injected intrathymically into 3 .78
Gy-irradiated B10.Thy 1.2 mice, after which the incidence of donor or host derived T cell lymphomas was determined. c) Number of T cell lymphoma -bearing mice/total number of mice tested .
(from ref. 12) To answer this question and to evaluate the clonality of prelymphoma cells, we stained thymocytes from individual B1O.Thy 1.1 mice with anti-TL-2 mAb at various times after irradiation and determined to the TL-2+ cell contents. A graded amount of the TL-2+ cells from thymocytes of individual mice was injected into the thymus of 3.78 Gy-irradiated B1O.Thy 1.2 mice, and 4 to 6 months thereafter the recipient mice were killed when moribund. High molecular weight DNAs were isolated from donor-derived T cell lymphomas and the rearrangement of the T cell receptors examined by Southern blot analysis. These exper iments are still in progress. The incidence of donor-derived T cell lymphomas in one exper imental group is shown in Table 3 . Although various numbers of TL-2+ cells appeared in the thymuses of individual mice 28 days after the split-dose irradiation, donor type T cell lymphomas developed only when 104 TL-2+ cells from the No. 1 donor mouse were injected into the recipient mice (Table 3 ). In contrast, injection of TL-2+ cells from the No. 2 and No. 3 mice did not produce donor type T cell Lymphomas. These results indicate that not all TL-2+ cells undergo neoplastic initiation and that preneoplastic cells may develop infrequently from one or more of TL-2+ cells owing to genetic or epigenetic changes then enter a phase of neoplastic evolution.
Southern blot analyses of the donor type T cell lymphoma and normal kidney DNA samples digested with EcoRI then hybridized with the Cyl, Jf32, DS2JS1, Cy4 probes are shown in Fig. 3 . The rearrangement patterns obtained from hybridization with Cy1 were similar for all the donor type T cell lymphomas. When the other probes were used, the rearrangement patterns differed for the three donor type T cell lymphomas. 
DISCUSSION
Thymic prelymphoma cells that eventually would develop into thymic lymphomas in the thymic microenvironment first appeared in the mouse thymuses about 4 to 8 days after Table 2 . Incidence of donor type T cell lymphomas after intrathymic in jection of thymocyte fractions with regard to CD4 and CD8. a) Thymocytes were taken from 9-11 B10 .Thy 1.1 mice 1 mo after split-dose irradiation and stained with the anti-CD4 and anti-CD8 antibodies. The stained cells were sorted into four fractions (CD4-CD8-, CD4-CD8+, CD4+CD8+ CD4+CD8- split-dose irradiation. These cells were detected in more than 63% of split-dose irradiated mice examined 21 and 31 days after irradiation4) . Fig. 4 .
Target
cells in radiation-induced thymic lymphomagenesis.
The phenotypic characteristics of these prelymphoma cells were determined by staining thymocytes taken from B10.Thy-1.1 mice 1 month after irradiation with Jlld mAb and anti TL-2 mAb or with anti-CD4 mAb and anti-CD8 mAb then sorting the cells into sub populations. Thymic prelymphoma cells were found in J11d+TL-2+ cells. Moreover, with regard to the CD4 and CD8 antigens, prelymphoma cells appeared mainly in the CD4 CD8 and CD4-CD8+ thymocyte subpopulations and in the CD4+CD8+ subpopulation in the minority.
In the organ culture of embryonic thymus, CD8 SP cells appear before CD4 SP cells 17) but these cells represent an intermediary stage rather than mature cytotoxic T cells. In normal adult mouse thymus, CD8 SP cycling cells represent an intermediary stage between DN and DP cells, and are very transient 18, 19) .
results suggest that DN, CD8 SP, and DP cycling immature, J11d+ cells are the main target cells in radiation-induced thymic lymphomagenesis. After leukemogenic irradiation, TL-2+ cells could develop from these immature cycling cells. We found that prelymphoma cells developed from these TL-2+ cells ( Fig. 4) . We therefore addressed the question as to whether all TL-2+ cells undergo neo plastic initiation or whether preneoplastic cells develop infrequently from TL-2+ cells.
To answer this question and to examine the clonality of prelymphoma cells, we stained thymocytes from individual B1O.Thy 1.1 mice with anti TL-2 mAb at various times after irradiation and the TL-2+ cell content was determined. A graded amount of TL-2+ thymocytes from individual mice was injected into the thymuses of 3.78 Gy-irradiated B1O.Thy 1.2 mice. The recipient mice were killed 4 to 6 months after transplantation when they appeared moribund. The incidence of donor-derived T cell lymphomas in one experimental group is shown in Table 3 . Although different numbers of TL-2+ cells appeared in the thymuses of the individual mice 28 days after split-dose irradiation, donor type T cell lymphomas devel oped only when 104 TL-2+ cells from the No. 1 mouse were injected into the recipient mice. In contrast, injection of TL-2+ cells from the Nos. 2 and 3 mice did not produced donor type T cell lymphoma even though TL-2+ cells appeared in the thymuses ( Table 3 ). We then exam ined the TCR rearrangements of the donor type T cell lymphomas developed from the No. 1 mouse. Southern blot analyses of the donor type T cell lymphoma and normal kidney DNA samples digested with EcoRI and hybridized with the Cy1, J(32, DS2J61, Cy4 probes are shown in Fig. 3 . The rearrangement patterns after hybridization with C1'1 were similar for all the donor type T cell lymphomas; but, when the other probes were used, the rearrange ment patterns differed for the three donor type T cell lymphomas. These results are evidence that not all TL-2+ cells undergo neoplastic initiation and that preneoplastic cells (prelymphoma cells) may develop infrequently from one or more TL-2+ cells. Moreover, the results of the rearrangement patterns of these donor type T cell lymphomas suggest that after irradiation neoplastic initiation might occur polyclonally in some of the TL-2+ cells. Another possible explanation is that neoplastic initiation might occur clonally from one of the TL-2+ cells during TCR rearrangement and the several rounds of cell replication until fixation of neo plastic initiation produce different TCR rearrangement patterns.
We therefore hypothesize the following multi-stage model of the development of radi ation-induced thymic lymphomas ( Fig. 5 ): Leukemogenic irradiation induces various numbers of TL-2+ cells in the thymuses of these mice; but, these TL-2+ cells do not always undergo neoplastic initiation, and preneoplastic cells (prelymphoma cells) develop infrequently from one or more TL-2+ cells by genetic or epigenetic changes during TCR rearrange ment. These prelymphoma cells eventually develop into thymic lymphomas in the thymic microenvironment. 
